Theoretical investigation of molecular and electronic structure changes of the molecular magnet Mn-12 cluster upon super-reduction. 
Introduction
The molecular cluster, [Mn 12 O 12 (CH 3 COO) 16 (H 2 O) 4 ] (abbreviated as Mn 12 , see Figure   1 ), is famously known as a single molecular magnet. The cluster was first synthesized by Lis in 1980 [1] , and has been investigated experimentally [2] [3] [4] [5] and theoretically [3, 6] ever since because of its intriguing properties. Regarding the spin state of the neutral cluster, it was experimentally shown that the cluster has a total spin of S = 10 [2] .
However, the intriguing property of the Mn 12 cluster is not only the spin property:
experimentalists recently found that the Mn 12 cluster exhibits a high discharging capacity of more than 200 Ah/kg [4] , which is even higher than that of ordinary Li-ion batteries (about 150 Ah/kg) [7, 8] . Moreover, they found in the experimental capacity and X-ray absorption fine structure (XAFS) analysis that the Mn 12 cluster exhibits a super-reduced state accepting 8 surplus electrons during discharging, and an even higher total spin, S = 14 [5] . A Mn K-edge extended XAFS (EXAFS) study [4] also suggested that Mn-O distances significantly elongate from 1.9 Å to 2.2 Å during super-reduction.
In spite of these interesting properties and several theoretical investigations of the neutral Mn 12 system, there is just one report [6] to Mn atoms specify which group they belong to.
Computational Methodology
All electronic structure calculations and first principles molecular dynamics (FPMD) simulations were carried out within the density functional theory (DFT) [9, 10] framework, as implemented in TURBOMOLE [11] version 6.3. We first performed calculations for the neutral cluster with BP86 [12, 13] , TPSSh [14] , B3LYP [15] (with VWN(V) correlation) and BHLYP [16] functionals to compare DFT structures with X-ray data [1] .
For BP86 calculations, the resolution of the identity (RI) approximation [17] was adopted to save computational cost. In all calculations, we employed the def-SV(P) basis set [18] [abbreviated as SV(P)] and the corresponding auxiliary basis set [19] for the RI approximation. We employed spin-unrestricted Kohn-Sham orbitals and energies without broken-symmetry corrections throughout this work. No symmetry constraints were applied. In the molecular cluster battery (MCB) experiment [4, 5] , the cathode was made of conductive carbon and the Mn 12 cluster, and the electrolyte was a mixture of diethyl carbonate and ethylene carbonate. Due to computational limits, we cannot explicitly include such an environment in our DFT calculations, therefore we simply used the conductor-like screening model (COSMO) [20] to take into account the effect of environment and for stabilizing excess electrons. A high dielectric constant of 100.0 was used for this purpose. Natural population analysis [21] was performed to evaluate the obtained electronic structure.
The initial geometry was taken from the X-ray data [1] of the neutral cluster, which lacks the coordinates of hydrogen atoms. Therefore, we first optimized the position of the missing hydrogen atoms at the RI-BP86/SV(P) level of theory while all other atoms were fixed. Then, separate geometry optimizations were performed for all spin states.
We additionally performed an RI-BP86/SV(P)-based FPMD simulation of the superreduced cluster to consider finite-temperature effects. The environmental temperature was set to 298.15 Kelvin and it was kept constant using the Nose-Hoover thermostat [22] [23] [24] . The time step was 0.968 femtosecond (40 a.u.), and 1,000 time integration steps were performed using the Leapfrog Verlet algorithm. The total simulation covers therefore roughly one picosecond.
Results and Discussion

Neutral cluster
We first briefly discuss the spin density and structural parameters of [Mn 12 ] 0 , in comparison to the X-ray structure [1] . We considered 15 different spin states from S = 0 to S = 22, and performed geometry optimizations for each state (Table   S1; Figure and Table numbers state. In any case, the relatively small energy differences show that the spin coupling between different manganese sites is relatively weak. Table 1 shows the structural parameters and natural spin densities at the RI-BP86/SV(P) level of theory along with the experimental X-ray geometry as reference.
The corresponding data for other functionals is presented in Table S2 . The RI-BP86 calculation agrees sufficiently well with the X-ray structure, since bond lengths show maximum deviations of 0.05 Å. For the sake of computational limits, we therefore decided to use the BP86 functional with RI approximation in the following subsections. Table S3 . According to our calculations, the most stable electronic structures derives formally from the HS1 state of the neutral cluster after spin flip, and corresponds to reduction of both inner Mn(a) (around one excess electron) and outer Mn(b,g) (around seven excess electrons), with S = 18 (Entry 15-8b in Table S3 ).
However, the experiment [5] implies that the spin quantum number of [Mn 12 ] 8-is S = 14 (Entry 14-8a in Table S3 ). In broken-symmetry DFT, the S = 14 state is formally Increasing the amount of HF exchange increases the HOMO-LUMO gap and favors localization of the electron density, similar to the effect of on-site Coulomb repulsion in
Ref. [26] . However, LS3 remains more stable than LS2 for all tested functionals, see the Supporting Information. For the simplicity of discussion, in the following section we will focus only on the LS2 (S = 14) and LS3 (S = 18) states (Entry 14-8a and 15-8b in Table S3 ), as the former is predicted by experiment [5] and the latter is predicted by our theoretical calculations. Table 2 . We notice that the geometry of the inner cluster, which contains 
Conclusions
We performed density functional theory calculations for Mn 12 
